Compact islands of cholesterol on Au (111) shown to preserve their spin on metal surfaces. 5, 6 Moreover, electron transfer from a substrate can induce a magnetic moment in organic complexes. 7 Here we report indication that a spin can be generated and quenched in cholesterol, a closed shell molecule, on the Au(111) surface. A scanning tunneling microscope (STM) was used to create radical cations from the pristine adsorbed molecules via hole injection from the tip into the molecule. Cholesterol (Fig. 1a) consists of four fused hydrocarbon rings (denoted tetra-cyclic unit below) linked to an isooctyl chain, with a hydroxyl group attached to the cyclohexane ring (highlighted in red) at the far end. A pseudo-three-dimensional schematic viewed across the plane of the hydrocarbon rings shows that two methyl groups attached to the hydrocarbon rings protrude from the plane of the tetra-cyclic unit and the octyl chain. It may be interesting to note that the molecule is an essential component of cell membranes, plays a vital role in lipid metabolism, and contributes to the functions of living organism through signal transduction. [8] [9] [10] Cholesterol was sublimated onto Au(111) at room temperature in ultra-high vacuum. Experiments were carried out with a STM operated at B5 K. Electrochemically etched tungsten wires 
Most materials investigated in spintronics are metallic compounds and semiconductors. 1, 2 Recently efforts have been made to establish organic spintronics, 3 one reason being that weak spin-orbit and hyperfine interactions in organic molecules tend to imply long spin coherence times. 4 A few stable organic radicals have been shown to preserve their spin on metal surfaces. 5, 6 Moreover, electron transfer from a substrate can induce a magnetic moment in organic complexes. 7 Here we report indication that a spin can be generated and quenched in cholesterol, a closed shell molecule, on the Au(111) surface. A scanning tunneling microscope (STM) was used to create radical cations from the pristine adsorbed molecules via hole injection from the tip into the molecule. Cholesterol (Fig. 1a) consists of four fused hydrocarbon rings (denoted tetra-cyclic unit below) linked to an isooctyl chain, with a hydroxyl group attached to the cyclohexane ring (highlighted in red) at the far end. A pseudo-three-dimensional schematic viewed across the plane of the hydrocarbon rings shows that two methyl groups attached to the hydrocarbon rings protrude from the plane of the tetra-cyclic unit and the octyl chain. It may be interesting to note that the molecule is an essential component of cell membranes, plays a vital role in lipid metabolism, and contributes to the functions of living organism through signal transduction. [8] [9] [10] Cholesterol was sublimated onto Au(111) at room temperature in ultra-high vacuum. Experiments were carried out with a STM operated at B5 K. Electrochemically etched tungsten wires were used as tips, treated in situ by indenting them into the Au substrate. Fig. 1b shows an image of a molecular island formed upon deposition on Au(111). The ellipse drawn on the image indicates a single molecule (also see Fig. 1c ). The tetra-cyclic units of the molecules appear to lie flat on the surface with the methyl groups, attached to hydrocarbon rings, in upright orientation. This apparently causes the dumbbell shaped protrusions appearing higher (apparent height B0.21 nm) than the octyl chains (discussed in detail below). Incommensurate adsorption of the molecules with respect to atomic lattice of the substrate leads to slight variations from molecule to molecule.
Much of the surface is cluttered with molecules (as in the right part of Fig. 1b) , although some short-range order is seen with strings of molecules arranged in parallel or antiparallel. In addition, rhombic pores surrounded by cruciform patterns (examples marked in white in Fig. 1b , acute angle B841) are frequently observed within the agglomerates. These arrangements involve a head-to-head orientation of the molecules which is presumably caused by intermolecular hydrogen bonds among hydroxyl groups. Previous studies of cholesterol monolayers at a variety of liquid-solid interfaces have also shown the molecules to be oriented head-to-head in pairs, owing to hydrogen bonds between the hydroxyl groups. [11] [12] [13] [14] Parallel arrangements of dimers have also been reported and attributed to interaction through the tetra-cyclic units. 13 This is consistent with our observations of molecules being mostly grouped in parallel, although in small domains. Closer inspection of Fig. 1c reveals two distinct adsorption geometries of the molecules. While the octyl chains of some molecules are imaged as elliptical protrusions with apparent heights of B0.16 nm with respect to the substrate, others appear lower (B0.1 nm). This difference may be understood from the flexibility of the octyl chains, which is also observed in crystal structures. 15 The chains may adapt their geometries to maximize the van der Waals interaction with the substrate and to reduce the steric repulsion within a molecule as well as with its neighbors. 16 The pattern surrounded by an ellipse in Fig. 1c is consistent with a fully extended anti form of the octyl chain (Fig. 1d) , which is the energetically most favored structure. 15 In this form, the methyl end-groups of the octyl chain are located at heights similar to that of methylenes and the chain as a whole remains at a height below the methyl groups attached to the tetra-cyclic unit. The other pattern presumably corresponds to a conformation of the chain involving one of the C-C bonds in gauche form (marked with curved red arrow in Fig. 1d) , which leads to an upright orientation of one of the methyl end-groups and to an elliptical protrusion in STM images. Each of the molecules may be switched to a number of states by applying voltage pulses to the center of the tetra-cyclic unit (red crosses in Fig. 2a) . A particular state was obtained by changing the sample voltage to V B À2.5 V from a value of approximately BÀ1 V with the current-feedback disabled and subsequently monitoring the current I. V was changed back to its original value when an abrupt change of I, which typically occurred on a time scale of seconds, signaled a change of the molecule. This procedure had the effect to freeze the manipulated state. The images in Fig. 2b-d illustrate a sequence of switching events. Fig. 2b presents the result of pulses to the molecules indicated with crosses in Fig. 2a . The pulses switched the molecules to two states denoted A and B in Fig. 2b . A few other molecules in the island changed to state A as well. Inelastic scattering of electrons propagating through the surface may induce these changes. 17, 18 Moreover, it is conceivable that a geometrical change of a molecule is transmitted via lateral forces within the close-packed islands. Fig. 2c shows two other states, which are denoted C and D below, of the molecules that resulted from another four pulses applied at the positions marked in Fig. 2b (red crosses) . In addition, a few molecules were also switched to state A by those pulses.
The tetra-cyclic unit of state A appears as a rounded trapezium with an apparent height similar to that of pristine molecules. In state B, one end of these rings appears higher than the other with a sharp depression between them. C and D appear quite similar to each other with the cyclohexane ring (red in Fig. 1a) at the far end of the tetra-cyclic unit being slightly higher (B0.1 nm) in C than in D. The octyl chains remain essentially unchanged in all states. Molecules were found to be stable for hours at B5 K in any of these manipulated states, although spontaneous conversions of octyl chains from gauche to anti form (vide supra) were often observed while imaging at slightly elevated voltages |V| 4 0.5 V. The substantial increase in apparent height at the far end of the tetra-cyclic units appears to indicate a conformational change of Fig. 2 (a-d) STM images showing a sequence of switching events. The manipulations were effected at V = À2.5 V with disabled current-feedback. The positions of the applied pulses are marked with red crosses. Different states are marked with arrows. (e) dI/dV spectra recorded over the center of the tetra-cyclic rings of different molecular states. The bottom two spectra were recorded after and before the manipulation of the molecule in state C in Fig. 2c . For clarity, the spectra are shifted vertically (top to bottom: by 4, 2, 1, 0, and À1 nS). The data were recorded using a lock-in amplifier by adding a sinusoidal modulation of 2 mV rms at 985 Hz to the sample voltage. Before opening the current feedback, the STM was operated at V = À100 mV and I = 100 pA. Red curves represent fits of Frota functions (details in the text) to the measured spectra.
the cyclohexane ring. Although the tetra-cyclic unit is planar, the cyclohexane ring can adopt other conformations in crystal structures. 15 Fig . 2d recorded after Fig. 2c demonstrates that the switching may be reversed by additional pulses applied in a manner similar to that of one mentioned before. While state C (Fig. 2c) was switched back to the pristine state, state D was changed to A. Conversely, one of the molecules in state A was switched to state D. Furthermore, another B state was prepared from a pristine molecule (cross mark in Fig. 2c) .
Differential conductance (dI/dV) spectra of all states of the molecule are presented in Fig. 2e . Pristine molecules (second spectrum from the bottom) and molecules in state A have featureless spectra in an energy range close to the Fermi level (V = 0). The spectra of the other states surprisingly show a zerobias resonance. In spatially resolved measurements the resonance was found all over the molecules except the very end of the octyl chains. Slight variations of the resonance-width were observed from different manipulated molecules, presumably due to small differences in their local environments. The reversibility of the switching observed in the STM images in Fig. 2 along with the spectra recorded on a molecule after manipulation (bottom spectrum in Fig. 2e) show that dissociation of the molecule is not the cause of the zero-bias resonance.
The small width of the resonance close to the Fermi level, in particular in state D (full width half maximum E12 meV), is difficult to reconcile with an electronic single particle excitation.
As an alternative interpretation a low-energy vibrational excitation should be considered. 19, 20 The asymmetry of the lines, which is particularly obvious in states B and C, however, does not favor such a scenario. We therefore attribute the resonance to a Kondo effect. This is a many-body effect in which a localized spin is screened by the conduction electrons of the substrate. It has been observed from various magnetic atoms and molecules on surfaces. [21] [22] [23] [24] [25] [26] [27] [28] Organic radicals on surfaces were also shown to exhibit this effect. 5, 6, [29] [30] [31] The corresponding line-shape may be described by a Frota function, which has recently been used to model the Kondo fingerprints of a range of systems. [32] [33] [34] [35] Using a generalized Frota function, 34 which allows for an asymmetry parameter, our experimental data is reproduced very well (red curves in Fig. 2e ). 36 The Kondo effect requires the presence of a localized spin. Indeed, no such effect is observed from pristine cholesterol on Au(111) as expected for a closed-shell molecule. State A may tentatively be attributed to a geometrical isomer because its electronic structure is unchanged in dI/dV spectra over a wider voltage range (À0.5-0.5 V, data not shown). No significant differences between pristine molecules and state A were found in these data. We propose that states B-D are due to the formation of radical cation. The possibility of generating stable radical cations has indeed been reported for organic biomolecules such as retinoic acid, 37,38 whereas the creation of an anion may dissociate the molecule through deprotonation. 39 A cationic state is also consistent with the experimental observation that these states are obtained upon electron transfer from the molecule to the tip at elevated bias voltage. It may be speculated that the extracted electron stems from the endocyclic double bond, similar to the case of retinoic acid. 37, 38 At the low temperature of the experiment the cationic state may be stabilized by a concomitant change of the molecular geometry. A closely related mechanism has been reported from charged metal atoms on insulators. 40, 41 In conclusion, single cholesterol molecules have been reversibly switched on a Au(111) substrate among several states, three of which exhibit a sharp spectroscopic feature at the Fermi level. It is attributed to the creation of a radical cation carrying a localized spin. The multistability of the molecule with paramagnetic and diamagnetic states that may be controllably switched may make it a candidate for spintronic applications. It may also be interesting to look for spin effects in cholesterol in a biochemical environment.
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